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Statistical analysis of planar point processExchangeable apolipoproteins A-I and A-II play distinct roles in reverse cholesterol transport. ApoA-I inter-
acts with phospholipids and cholesterol of the cell membrane to make high density lipoprotein particles
whereas apolipoprotein A-II interacts with high density lipoprotein particles to release apolipoprotein A-I.
The two proteins show a high activity at the aqueous solution/lipid interface and are characterized by a
high content of amphipathic α-helices built upon repetition of the same structural motif. We set out to inves-
tigate to what extent the number of α-helix repeats of this structural motif modulates the afﬁnity of the pro-
tein for lipids and the sensitivity to lipid packing. To this aim we have compared the insertion of
apolipoproteins A-I and A-II in phospholipid monolayers formed on a Langmuir trough in conditions where
lipid packing, surface pressure and charge were controlled. We also used atomic force microscopy to obtain
high resolution topographic images of the surface at a resolution of several nanometers and performed sta-
tistical image analysis to calculate the spatial distribution and geometrical shape of apolipoproteins A-I and
A-II clusters. Our data indicate that apolipoprotein A-I is sensitive to packing of zwitterionic lipids but insen-
sitive to the packing of negatively charged lipids. Interestingly, apolipoprotein A-II proved to be insensitive to
the packing of zwitterionic lipids. The different sensitivity to lipid packing provides clues as to why apolipo-
protein A-II barely forms nascent high density lipoprotein particles while apolipoprotein A-I promotes their
formation. We conclude that the different interfacial behaviors of apolipoprotein A-I and apolipoprotein A-II
in lipidic monolayers are important determinants of their distinctive roles in lipid metabolism.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
ApoA-I and apoA-II are two major constituents of HDL particles and
are implicated in reverse cholesterol transport (RCT), a process that is
central to lipid metabolism in higher organisms. ApoA-I and apoA-II be-
long to the family of exchangeable apolipoproteins and despite the low
amino acid sequence homology and different size, both are largely or-
ganized as amphipathic α-helix tandem repeats [1]. The number of
suchα-helix repeats confer these proteins a high afﬁnity for hydropho-
bic–hydrophilic interfaces [2–6]. In consequence, both apoA-I and
apoA-II have the ability to recruit phospholipids from the cell surfaceS, amphipathic lipid packing
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l rights reserved.to form pre-HDL particles [7–11] but apoA-I is more efﬁcient in creat-
ing pre-HDL particles than apoA-II. Indeed, the proportion of lipopro-
teins containing apoA-II is less than 10% of the total amount of HDL
[12,13]. Taken together, these data indicate that apoA-I plays a central
role in RCT and exerts a cardioprotective effect while apoA-II acts as a
regulatory factor on RCT, as suggested by Scanu in a recent review
[14]. Hence, these proteins have different biological functions although
they both contain amphipathic α-helices.
Vedhachalam et al. proposed a model for the formation of high
density lipoproteins by apoA-I, where apoA-I is preferentially
inserted into protrusions at the cell membrane and forms lipopro-
teins from these regions [11]. In this model, the formation of these
protrusions is driven by the ATP-binding cassette transporter A1
(ABCA1) following apoA-I activation [9,15,16]. ABCA1 causes an ex-
cess of lipid in the external leaﬂet by translocation of lipids from the
internal leaﬂet of the plasma membrane [9,16]. The occurrence of
protrusions lowers the lipid packing in the external leaﬂet of the
membrane and permits the binding of apoA-I at the membrane into
the protrusions. Others have shown that the efﬁciency of apoA-I mi-
metic peptides in promoting the efﬂux of cholesterol increases with
the number of α-helix repeats [17–19]. Therefore, lipid packing and
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portant factors for the role of apoA-I in HDL formation.
In a recent study, we have shown that apoA-I is sensitive to the
packing of zwitterionic lipids and lipid compressibility when inter-
acting with a model membrane [10]. Importantly, the sensitivity of
apoA-I to lipid packing was not observed in anionic lipids. We
hypothesized that the interaction of residues deﬁning the hydro-
phobic face of the amphipathic α-helix tandem repeats with lipid
chains confers apoA-I and apoA-II a distinctive lipid packing sensi-
tivity. We also hypothesized that in such scenario the insertion of
exchangeable apolipoproteins into the external protrusions is less
favored for long amphipathic α-helix tandem repeat motifs com-
pared to shorter ones and that this in turn confers apoA-I and
apoA-II a different lipid packing sensitivity.
To test these hypotheses we used a Langmuir trough to mimic a
biological system. In this set up the proteins are injected below lipidic
monolayers at a concentration that favors protein–lipid interactions.
Lipids are spread at the buffer surface and compressed with mov-
able barriers thus allowing a tight control of the molecular area
per lipid (i.e., lipid packing) in the trough. High resolution topo-
graphic images of the surface were obtained by transferring the in-
terfacial layer on mica sheets and the subsequent observation
by atomic force microscopy (AFM) at a resolution of several nano-
meters [20,21]. A series of statistical image analyses [10,22] of
each AFM image was performed to calculate the spatial repartition of
apoA-I clusters inserted in zwitterionic phospholipid [dipalmitoyl-
phosphatidyl-choline (DPPC), dioleoyl-phosphatidylcholine (DOPC)]
and anionic phospholipid [dipalmitoyl-phosphatidyl-glycerol (DPPG)]
monolayers. We compared these results with the spatial repartition of
apoA-II in zwitterionic phospholipids and the geometrical shape of
apoA-II and apoA-I clusters inserted in zwitterionic DPPC.
Our analyses suggest that a high fraction of apoA-I in phospholipid
monolayers is present as small oligomers that in principle can pro-
mote HDL formation. Although apoA-II was far less sensitive to lipid
packing, it is inserted in the lipidic layer as clusters of similar self-
assembly constant as apoA-I clusters. The difference in lipid packing
sensitivity explains why apoA-II forms very few nascent HDL parti-
cles while apoA-I promotes their formation. The observed dissimi-
larity in the interfacial behavior of these two proteins in the lipidic
layer provides new insights into the molecular features that are
important for their distinctive biological functions.
2. Materials and methods
2.1. Protein expression and puriﬁcation
Recombinant apolipoproteins were cloned into a pET expression
vector and expressed in Escherichia coli Rosetta 2 cells at 37 °C,
250 rpm in 2xTY broth. When cell density of 0.6–0.8 at OD600 nm
was reached, cells were induced with IPTG. Inclusion bodies were
resuspended in denaturing buffer (i.e., 10 mM Tris buffer containing
8 M urea, 25 mM imidazole, and 5 mM beta-mercaptoethanol, pH
8.0). The resulting solution was loaded onto one chromatographic
column packed with Ni-NTA agarose previously equilibrated in the
same buffer solution. After being washed with at least 20 column
volumes, recombinant apolipoproteins were refolded by quick dilu-
tion in TBS buffer containing 1 M arginine, and concentrated using
vivaspin centrifuge tubes. Refolded apolipoproteins were subjected
to thrombin cleavage after extensive dialysis in TBS. One unit of
thrombin protease of high purity was used to digest 1 mg of recom-
binant apolipoproteins for 6–8 h at 4 °C. Thrombin and the cleaved
histidine tag were removed using a benzamidine fast ﬂow column
and a Ni-NTA column, respectively, previously equilibrated in TBS.
As the ﬁnal puriﬁcation step, apolipoproteins were loaded onto a gel
ﬁltration column (Superdex 75, HR 26/60), and eluted in 20 mM
Tris buffer, 200 mM NaCl, pH 8.0 (TBS buffer) at 1 ml/min. Afteranalysis by SDS-PAGE and measurement of UV absorption spectra
(200–300 nm), fractions containing pure apolipoproteins were col-
lected and concentrated. Pure recombinant apolipoproteins were
concentrated ﬁve-fold and stored at −20 °C. N-terminal sequence
and mass spectrometry were carried out to conﬁrm protein identity
and purity of recombinant apolipoproteins.
2.2. Circular dichroism
To conﬁrm that apolipoproteins were refolded to the native state,
far-UV circular dichroism spectra were recorded on an AVIV 62-S
spectropolarimeter (AVIV, Lakewood, NJ) previously calibrated with
camphorosulfonic acid and equipped with a temperature control
unit. In all experiments, spectra were recorded at 20 °C in a 0.1 cm
quartz cell using an average time of 0.5 s, a step size of 0.5 nm, and
a 1 nm bandwidth and averaged over 20 scans. Independently pre-
pared protein samples of concentrations ranging between 40 and
400 μg/ml were used. After subtraction of the buffer baseline, the
CD data were normalized and reported as molar residue ellipticity.
The concentration of protein solutions was determined from amino
acid composition analysis at the PNAC facility (Department of
Biochemistry, University of Cambridge). Far-UV CD analysis of all
proteins was carried out immediately after gel ﬁltration chromato-
graphy, as shown in the Supplementary material.
2.3. Buffer and protein concentration
Experiments with apoA-I were performed at 1.5 μg/ml in 20 mM
phosphate buffer solution which was prepared from 20 mM
Na2HPO4 and 20 mM NaH2PO4 stock solutions mixed to give a ﬁnal
solution of pH=7.0 and temperature of 20±2 °C. The concentration
of monomeric apoA-I was 53.10−9 M.
For apoA-I sub-phase concentrations superior to 3.0 μg/ml, the
surface pressure value was 22 mN/m. In this condition, the liquid/air
interface was saturated with the protein thus allowing potential pro-
tein–protein interactions in the subphase. At the experimental sub-
phase apoA-I concentration of 1.5 μg/ml, the surface pressure was
lower (17 mN/m) and the protein molecules did not saturate the
liquid/air interface. Hence, at the aqueous solution/lipid interface
and with 1.5 μg/ml of apoA-I in the subphase, it is reasonable to as-
sume that apoA-I–lipid interactions are favored over protein–protein
interactions [23].
Experiments with apoA-II were performed at 0.8 μg/ml in the
same phosphate buffer and temperature as apoA-I. The concentra-
tion of apoA-II dimers was estimated to be equal to the concentra-
tion of apoA-I monomers (53.10−9 M).
2.4. Phospholipids
Three phospholipids were chosen to distinguish phase effect
from charge effect: the zwitterionic lipids DPPC and DOPC, and the
anionic lipid DPPG. DPPC and DPPG have saturated acyl chains and
show ﬁrst order phase transition from expanded liquid phase LE to
condensed liquid phase LC [24,25]. DOPC has unsaturated acyl
chains and is always in LE phase [25].
The three phospholipids were purchased from Avanti Polar Lipids
(Alabama, U.S.). Solutions at 0.5 mM of DPPC, DOPC and DPPG were
prepared by dissolving the phospholipids in chloroform. Before each
experiment, an isotherm was performed on the phospholipid stock
solution in order to assess lipid stability.
2.5. Monolayer and Langmuir–Blodgett techniques
Experiments were performed with a computer-controlled and
user-programmable Langmuir Teﬂon-coated trough (type 601BAM,
equipped with two movable barriers with total surface of 716 cm2,
Table 1
Total numbers of AFM images and protein clusters used for statistical analyses.
Number of AFM images
(number of clusters)
A-I/DOPC 6 (2065)
A-I/DPPC 6 (328)
A-I/DPPG 8 (1351)
A-I/DOPC
Gray level 149
6 (1156)
A-II/DPPC 14 (3785)
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trough was cleaned successively with ultrapure water (Nanopure-
UV), ethanol and ﬁnally warm ultrapure water.
The trough was ﬁlled with 20 mM phosphate buffer at pH 7 and
a temperature of 20±2 °C. Phospholipids were spread over the
clean liquid/air interface between movable barriers using a high
precision Hamilton microsyringe. After phospholipid spreading, no
surface pressure was detectable. After 10 min to allow evaporation
of the solvent, ﬁlms were compressed by the moving barriers at a
rate of 20 cm2/min up to the required surface pressure (πi). The bar-
riers were then maintained at a ﬁxed position (so that the surface of
the trough was kept constant) and the proteins were injected into
the subphase with a syringe. The needle of the syringe passed
under a barrier and in this case the phospholipid monolayer was
not perturbed.
Surface pressure was measured according to the Wilhelmy-
plate method using a ﬁlter paper connected to a microelectronic
feedback system for surface pressure measurements. Values of sur-
face pressure (π) were stable and recorded every 4 s with a preci-
sion of ±0.2 mN/m.
For imaging pure monolayers of phospholipids (without injec-
tion of proteins), the ﬁlm was transferred to a mica support previ-
ously immersed in the subphase following the Langmuir–Blodgett
method. The transfer speed was 0.16 mm/min. In the case of pro-
tein injection, the mixed monolayer was transferred at the equili-
bration state (i.e. surface pressure attained a plateau) to a mica
support that was not previously immersed in the subphase unlike
the case of phospholipid monolayers. The transfer speed was kept
constant at 0.16 mm/min. Pure phospholipid monolayers and
mixed monolayers of proteins/phospholipids were transferred to
freshly-cleaved mica surfaces.2.6. AFM measurements
Surface images of the Langmuir–Blodgett monolayers were re-
corded with a Pico-plus atomic force microscope (Molecular Imaging,
Phoenix, AZ) operating in contact mode. Two scanners of 100 μm
and 10 μm were used for measurements. Topographic images were
acquired in constant force mode using silicone nitride tips with
nominal spring constant of 60 mN/m.
AFM images of 64 μm2 size, with lateral resolution of ~250 nm2
by pixel were analyzed to characterize the geometry of protein
clusters. For these images the resolution of the height is 0.117 nm
(Z-range=30 nm; 256 levels of gray). These images were exported
from the AFM microscope in TIFF format. The images were analyzed
with the public image processing program ImageJ (http://rsbweb.
nih.gov/ij/). To measure the position of protein cluster centers in
apoA-I/phospholipids and apoA-II/phospholipids monolayers, we
used a home-made program [10,22] running with ImageJ. This pro-
gram gives the position of protein cluster centers only if these protein
clusters are higher than a threshold height. Then, we adjusted the
threshold height to measure the maximum elevation of protein clus-
ters. However, the threshold height must be sufﬁciently high to pre-
vent the selection of lipid areas. In the case of DPPC, objects formed
in the LE phase of DPPC have sometimes the same height as LC lipid
domains. In order to prevent the possibility to get LC lipid domains
in our analysis we eliminated all objects of this height.
The same home-made program permits the determination of
surface and height of protein clusters from AFM images. Then, we
built histograms of the height and surface of protein clusters and
plot protein cluster height as a function of protein cluster surface.
The histograms were normalized by the total number of clusters
used for histogram building (Table 1). The histograms thus repre-
sent the probability of protein clusters to adopt a particular height
or surface.2.7. Analysis of the distribution of protein clusters on the AFM images
Because the distribution of protein clusters recorded by AFM
provides insights into cluster–cluster interactions, the distribution
functions: D(r), V(r) and g(r) were calculated from cluster centers
of each AFM image.
– D(r) is the probability to ﬁnd a distance equal to or less than r
from one cluster to its nearest-neighbor cluster. This distribution
function can reveal the presence of short-range interactions
between clusters and the type of these interactions (attractive
or repulsive).
– V(r) is the probability to ﬁnd a distance less than r or equal to from
a randomly-distributed point to the nearest cluster. This function
is very sensitive to the distribution of empty spaces between the
clusters and can reveal the presence of long-range interactions
between them.
– g(r) is the pair correlation function and represents the variation
of the local density compared to the mean density.
Hence, the distribution functions estimated for each AFM image
and named D(r)Exp, V(r)Exp, and g(r)Exp are referred to as “experi-
mental distribution functions” and were compared to two classes of
distribution functions:
i. a random distribution of points (also known as a Poisson process),
in which the density of points is equal to the mean density of
clusters extracted from the AFM image. In this case, points do
not interact at all. The functions of this distribution will be re-
ferred hereafter as “Poisson distribution functions” and named
D(r)P, V(r)P and g(r)P.
ii. Monte-Carlo simulated distributions of hard-disks, with a number
of disks that is the same as the number of clusters on the
corresponding AFM image. The functions of these distributions
are referred to as “hard-disk distribution functions” and named
D(r)H, V(r)H and g(r)H. The surface of each disk is generated by a
Monte-Carlo process. Fig. 6 shows the ﬁt of the cluster diameter
distribution to an exponential function for an apoA-I/DOPC mono-
layer. The diameter distribution of the three apoA-I/phospholipid
monolayers was used to simulate the diameter d and the asso-
ciated surface (π·d2)/4 of each disk by the Monte-Carlo method.
The same strategy was used for hard-disk simulations of apoA-II/
DPPC monolayers.
Detailed information about D(r), V(r) and g(r) estimations are
described in the Supplementary material.
3. Results
3.1. ApoA-I clusters are randomly distributed in a LE single-phase
monolayer of phospholipids
First, we set out to deﬁne apoA-I cluster distribution at πinitial
value of 15 mN/m in a homogeneous single phase monolayer that
mimics a low packing region of biological membrane with a surface
pressure for which the number of protein clusters allows a statistical
analysis. The increase of surface pressure produced by the presence of
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pressure during transference on mica sheet is equal to 19 mN/m.
We observed that DOPC is in a single (LE) phase (Fig. 1A), while
DPPC and DPPG show LE/LC phase coexistence. The AFM image of
the apoA-I/DOPC monolayer shown in Fig. 1A allowed the estimation
of the experimental distribution functions of apoA-I clusters. We
compared it to the hard-disk and the Poisson distribution functions
(Fig. 2, panel 1) with an object density that is similar to the cluster
density of AFM images. Reproducibility was conﬁrmed with three
other DOPC AFM images (data not shown).
For D(r), a similar overall shape for experimental, hard-disk
and Poisson curves were observed. However, D(r)Exp is lower
than D(r)H and D(r)P for distances between centers shorter than
300 nm. The good agreement between V(r)Exp, V(r)H and V(r)P
and between g(r)Exp, g(r)H and g(r)P strongly suggests that the po-
sitions of clusters are weakly correlated for any distance between
clusters.
In summary, these estimations evidence weak or non-existent
interactions between clusters thus resulting in a random distribu-
tion of apoA-I clusters.
3.2. The random distribution of apoA-I clusters in LE phase is not affected
by their conﬁnement in LE domains of DPPC
We then investigated apoA-I cluster distribution in a DPPC mono-
layer a lipid that has the same polar headgroup as in DOPC and
showing LE/LC phase coexistence so that the lipid packing of the
layer is different to that of LE phase of pure DOPC. The increase of
surface pressure produced by the presence of apoA-I at the liquid–
DPPC interface is 4 mN/m. Hence, the surface pressure during trans-
ference on mica sheet is equal to 19 mN/m. The different acyl chain
exerts an important inﬂuence on the behavior of these lipids at the
interface. For instance, in a previous study [10], we showed that
apoA-I is mainly inserted in the LE phase of DPPC monolayers and
that the amount of apoA-I in the LC phase was very low compared
to the amount of apoA-I in the LE phase of this lipid. This featureFig. 1. On the top, AFM images of mixed monolayers of apoA-I/phospholipids, where initial
apoA-I (A), DPPC with apoA-I (B) and DPPG with apoA-I (C). On the bottom, threshold image
by white crosses) and the number of clusters in LC phase (colored in red) reveals the differen
in red for both phases.evidences that apoA-I cluster distribution is affected by the presence
of LE/LC phase coexistence, which prompted us to investigate in
more detail the inﬂuence of the conﬁnement of apoA-I clusters in
LE phase on their distribution function.
AFM images of apoA-I/DPPC (Fig. 1B) showed wide bright gray
domains that represented the LC phase and wide dark gray domains
representing the LE phase. Fig. 2 (panel 2) shows the protein cluster
distribution functions in the phase coexistence that were derived
from the AFM-image of DPPC shown in Fig. 1B. Fig. 2 compares
the experimental distribution functions of hard disks distributed
over the whole surface of the image. Reproducibility was conﬁrmed
after recording three independent AFM images of the apoA-I /DPPC
monolayers (data not shown). The experimental distribution func-
tions and the random hard-disk distribution functions differ signiﬁ-
cantly. Indeed, D(r)Exp increases more rapidly with r than D(r)H,
V(r)Exp increases less rapidly with r than V(r)H and g(r)Exp is
much larger than g(r)H for distances less than 1600 nm. The three
parameters consistently show that clusters are closer to their ﬁrst
neighbors and that empty spaces are larger than that expected for
a random distribution of clusters.
We then studied the distribution of apoA-I clusters into LE
domains of DPPC to determine if interactions between clusters are
favored by their conﬁnement in the LE phase. The distribution func-
tions were estimated from the positions of apoA-I cluster centers
into LE domains of DPPC, without taking into account the clusters in
the LC phase. These distribution functions will be referred to as
experimental-LE distribution functions. For comparison, we simulated
the distribution of clusters in the LE domains of DPPC assuming a ran-
dom distribution of points and a random distribution of hard-disks. In
both cases, the objects were distributed into broad circular domains
that have the same centers and areas as LE domains of AFM-images
of DPPC. The number of hard-disks and the number of points are
equal to the number of protein clusters in LE domains determined
from the corresponding AFM image. The distribution functions of
hard-disks are referred to here as “hard-disks-LE distribution func-
tions” and named D(r)H-LE, V(r)H-LE and g(r)H-LE. The distributionsurface pressure was kept at 15 mN/m (size: 64 μm2 and z-range=10 nm): DOPC with
s. For DPPC, the striking difference between the number of clusters in LE phase (marked
ce of apoA-I afﬁnity between LE and LC phase. For DOPC and DPPG, clusters are colored
Fig. 2. Analysis of the distribution of protein clusters on AFM-images of apoA-I/phospholipids (starting surface pressure 15 mN/m) shown in Fig. 1. Phospholipids are DOPC
(panel 1), DPPC (panel 2), LE domains of DPPC (panel 3) and DPPG (panel 4). For each case, D(r) (panel A), V(r) (panel B) and g(r) (panel C) were calculated. The dotted
lines show experimental distribution functions of protein clusters; the thick lines show hard-disk distribution functions and the thin lines show the Poisson distribution func-
tions of of panel 1 and 3 (for panel 3, see paragraph 3.2 for details).
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distribution functions” and named D(r)P-LE, V(r)P-LE and g(r)P-LE..
Fig. 2 (panel 3) shows the distribution functions for the AFM-image
of DPPC shown in Fig. 1B. Tests of reproducibility were performed
with three other AFM images of DPPC. Experimental-LE, hard-disks-
LE and Poisson-LE distribution functions are similar which shows
that apoA-I clusters are randomly distributed in the LE phase ofDPPC and that interactions do not appear when apoA-I clusters are
conﬁned into micrometer sized LE domains.
3.3. ApoA-I cluster distribution in anionic lipids
To study further the distribution of apoA-I clusters in the LE/LC
phase coexistence, we characterized apoA-I cluster distribution in
Fig. 3. On the left, AFM images (size: 64 μm2 and z-range=10 nm) of mixed monolayers of apoA-II/DPPC, where initial surface pressure was 15 mN/m. On the right, the same image
where selected particles in LC phase are colored in red (height above 1.4 nm) and marked by a red cross in LE phase (height adjusted at the height of the LE domain).
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presence of apoA-I at the liquid–DPPG interface is 11 mN/m. Hence,
the surface pressure during transference on mica sheet is equal to
26 mN/m. In this case, the lipids have the same acyl chains as DPPC
but a different polar headgroup. In the case of DPPC, the polar
headgroup is zwitterionic while for DPPG the polar headgroup is
anionic. Because in both cases the lipid monolayers show the
same phase coexistence, it was possible to test the inﬂuence of
electrostatic interactions on apoA-I cluster distribution.
ApoA-I/DPPG monolayers show wide bright gray domains that
correspond to LC phase and wide dark gray domains that correspond
to LE phase (Fig. 1C). As for other apoA-I/phospholipid monolayers,
the spotlights correspond to apoA-I clusters. The inﬂuence of the LE/
LC phase distribution on apoA-I cluster distribution is less important
than it is for DPPC as Fig. 1C shows.
Fig. 2 (panel 4) shows the experimental distribution functions
of apoA-I clusters derived from AFM images of apoA-I/DPPG mono-
layers shown in Fig. 1C. The apoA-I cluster distribution was cha-
racterized in the entire image and included both phases. Fig. 2
(panel 4) also shows the hard-disk distribution functions for a
random distribution of hard-disks in the whole image. Reproduc-
ibility was conﬁrmed with three independent AFM images of
apoA-I/DPPG monolayers (data not shown). We noted that there
is a good agreement between experimental and hard disk distribu-
tion functions.
These results revealed that interactions between apoA-I clusters
are weak or non-existent in DPPG. Moreover, we noted that the distri-
bution of apoA-I clusters in DPPG is similar to the distribution in
DOPC, which is in a single phase, and that it greatly differs from the
distribution in DPPC.Fig. 4. Analysis of the distribution of protein clusters on AFM-images of apoA-II/DPPC (start
(graph C) were calculated. The dotted lines show experimental distribution functions of pr3.4. ApoA-II cluster distribution in zwitterionic lipids
Next, we investigated if the phase exerts an important effect on
the distribution of protein clusters for an exchangeable apolipopro-
tein of smaller size than apoA-I. In an attempt to answer this question
we studied the distribution of apoA-II clusters in LE/LC phase coexis-
tence of a zwitterionic lipid (DPPC). The increase of surface pressure
produced by the presence of apoA-II at the liquid–DPPC interface is
4 mN/m. Hence, the surface pressure during transference on mica
sheet is equal to 19 mN/m. AFM images of apoA-II/DPPC monolayers
revealed protein clusters that could be seen as spot lights. Wide
bright gray domains of AFM images from apoA-II/DPPC layers repre-
sent LC phase while wide dark gray domains represent LE phase
(Fig. 3). In the case of apoA-II, the protein cluster distribution in
DPPC monolayers seems to be homogeneous in spite of the presence
of LE/LC coexistence. Fig. 4 shows the apoA-II cluster and hard-disk
distribution functions derived from the AFM images of apoA-II/DPPC
monolayers presented in Fig. 3. The apoA-II distribution functions
were characterized assuming a random distribution of hard disks. Re-
producibility was conﬁrmed with ﬁve other AFM images (data not
shown). The good agreement between the experimental distribution
functions and the hard-disk distribution functions indicate a random
distribution of apoA-II clusters in a DPPC monolayer.
3.5. Geometrical shape of apoA-I and apoA-II clusters
Using surface pressure measurements and geometrical analysis of
protein clusters, we studied the difference between apoA-I and apoA-
II interactions with DPPC in an attempt to deﬁne why a higher
amount of apoA-II than apoA-I interacts with LC phase of DPPC.ing surface pressure 15 mN/m) shown in Fig. 4. D(r) (graph A), V(r) (graph B) and g(r)
otein clusters, and the thick lines show hard-disk distribution functions.
Fig. 5. Normalized histograms of heights (A) and surfaces (B) and graph of height versus surface (C), for protein clusters of apoA-I (○) and apoA-II (●) in LC phase of DPPC at the
initial surface pressure of 15 mN/m. Next, graph of height versus surface (D), for apoA-II clusters in LC phase (●) and LE phase ( ) of DPPC at the same initial surface pressure.
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adsorption at the liquid/DPPC interface, with πinitial=15 mN/m.
The increase of surface pressure Δπ, which was produced by the
presence of apoA-II at the aqueous solution/lipid interface was
4 mN/m. In comparison, the Δπ value produced by apoA-I at the
same aqueous solution/lipid interface is the same (4 mN/m) [10].
In both cases, this value is signiﬁcant and imply the insertion of
apoA-I and apoA-II residues in the phospholipid layer [4,26,27].
Fig. 5 shows normalized histograms of height (graph A) and sur-
face (graph B) of apoA-I and apoA-II protein clusters in LC phase of
DPPC (πinitial=15 mN/m). The histograms indicate that objects ofFig. 6. Normalized histogram of the apoA-I cluster diameter, calculated from six images
of DOPC+apoA-I. The diameter distribution used in Monte-Carlo simulations was
ﬁtted to this experimental distribution (solid line). The latter was used to simulate
the diameter distributions of the three lipids.greater surface and height are more numerous for apoA-II compared
to apoA-I. Hence, objects with surfaces smaller than 0.001 μm2 (the
pixel size on our AFM images) and heights smaller than 2 nm have
a two-fold lower occurrence probability for apoA-II over apoA-I.
Moreover, the graph of cluster height versus cluster surface for
apoA-I and apoA-II clusters in LC phase of DPPC (Fig. 5C) shows that
cluster height increases with cluster surface. From the analysis of
this graph it can be noted that the distribution of apoA-II clusters dif-
fers from that of apoA-I clusters: apoA-II clusters are higher andwider
than the apoA-I ones.
Fig. 5D shows cluster height as a function of cluster surface for
apoA-II clusters in DPPC LC and LE phases. The height of objects in
LE phase was increased to 1 nm to correct the height difference due
to the thickness difference between the two phases. Despite this cor-
rection, we noted that objects with identical surfaces are higher in LC
phase than in LE phase of the DPPC layer.
3.6. Model for self-assembling of apoA-I and apoA-II clusters
The study of the interaction of apoA-I peptides with lipid bilayers
has lead to a cooperative model of peptide aggregation [28]. Such
model provides a sound explanation for the decrease in the number
of clusters with the diameter (or surface) of apoA-I clusters (Fig. 6)
and considers that the initial binding of a protein P to the phospholip-
id monolayer M occurs as a nucleation step, which is characterized by
the equilibrium constant k1:
M þ P⇄
k1
MP CMP ¼ k1⋅CL⋅CP ð1Þ
Fig. 7. Logarithm of surface distribution for mixed monolayers, with a starting surface pressure of 15 mN/m. On the left: DOPC+apoA-I (♦) and DPPG+apoA-I (●), on the right:
DPPC+apoA-II. These graphs were ﬁtted by Eq. (6), and give values for R that show a good agreement between an auto-assembling model and these distributions. DOPC+apoA-I
and DPPC+apoA-II (continous lines), DPPG+apoA-I (dotted line).
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and CMP is the nucleus concentration.
Further apoA-I binding can be described by growth steps of
constant k2.
Hence, the mechanism for growth step is deﬁned by:
MP þ P⇄
k2
MP2 CMP2 ¼ k2⋅CMP⋅CP ¼ k2⋅k1⋅CL⋅C
2
P ð2Þ
MPn−1 þ P⇄
k2
MPn CMPn ¼ k2⋅CMPn−1 ⋅CP
¼ k1=k2ð Þ⋅CL⋅ CP⋅k2ð Þn: ð3Þ
Eq. (3) shows the relation between the concentration of clusters
and the number (n) of proteins in the cluster. The surface of the
cluster S is related to n and to the surface S0 occupied by one pro-
tein in the lipid monolayer according to the relation: S=n·S0.
Hence, Eq. (3) can be written as a function of the surface S of the
cluster, in the following form:
CMPn ¼ k1=k2ð Þ⋅CL⋅ CP⋅k2ð Þ
S
S0 ; S ¼ n⋅S0: ð4Þ
Now, we can introduce in the previous equation the probability
P(S) to ﬁnd a cluster of a surface S to obtain the new equation:
P Sð Þ ¼ A⋅CMPn ¼ A⋅ k1=k2ð Þ⋅CL⋅ CP⋅k2ð Þ
S
S0 : ð5Þ
Here, A is a constant of normalization. We can simplify Eq. (5) as
follows:
ln P Sð Þð Þ ¼ α⋅Sþ β
where α ¼ ln CP⋅k2ð Þ
S0
and β ¼ ln A⋅ k1=k2ð Þ⋅CLð Þ
ð6Þ
where P(S) is the value of the normalized histogram for the surface S.
The ﬁt of the surface distribution ln(P(S)) by the mathematical model
of Eq. (6) is shown in Fig. 7. The value of R is greater than 0.96 for
apoA-I/DOPC, apoA-I/DPPG and apoA-II/DPPC. This self-assembling
model describes protein cluster formation. It is important to note
that the ﬁt of ln(P(S)) could not be performed in the case of apoA-I/
DPPC due to the low number of protein clusters in this lipid.
4. Discussion
Wehave shown that apoA-II is easily inserted in condensed zwitter-
ionic lipid phases while apoA-I is much more sensitive to zwitterionic
lipid packing and is rarely found in condensed phase. Both proteins
are mainly present as small clusters as revealed by the shape of clustersize histogram on Fig. 5A,B. Furthermore, the lack of repulsion between
apolipoprotein clusters indicates that the smallest oligomers of apolipo-
proteins are not depleted from the lipid layer [29,30]. The presence of
these oligomers in the lipid layer reinforces the relevance of our results
for the understanding of lipoprotein formation since the newly formed
HDL particles contain a small number of apolipoproteins.
Furthermore, our results show that the constant of reaction k2
of apoA-II with zwitterionic lipids, obtained from a simple self-
assembling model is higher than that of apoA-I, although the geomet-
rical shape of the clusters formed by these proteins is similar (that
point is detailed in the Supplementary material section). Hence, we
conclude that the self-assembling rate of apoA-I is rather unfavorable
and cannot explain the faster lipoprotein formation rate of apoA-I in
comparison to apoA-II.
Now, the interaction of apoA-I and apoA-II α-helices with zwitter-
ionic phospholipid is in both cases governed mainly by hydrophobic
effect due to the absence of net charge of the lipid polar head-
group. Moreover, apoA-I sensitivity to lipid packing is negligible
when strong electrostatic interactions are present as proved by the
random repartition of apoA-I in the anionic phospholipid DPPG
(Figs. 1C and 2 panel 4). Finally, we attribute the higher sensitivity
of apoA-I to lipid packing as due to the higher number of amphipathic
α-helix repeats compared to apoA-II since apoA-I contains eight
22-mer and two 11-mer class A amphipathic α-helices while apoA-
II only contains three 11-mer of such amphipathic α-helices [1].
Moreover, sensitivity to lipid packing modulated by a relatively bal-
anced set of electrostatic and hydrophobic interactions has been de-
scribed for the Golgi-associated protein ArfGAP1 containing the
amphipathic lipid packing sensor (ALPS) motif [31]. The latter is orga-
nized as an α-helix repeat which is characterized by a polar face rich
in non-charged (threonine and serine) amino acid residues. To insert
into the membrane, ALPS α-helix repeat motif undergoes a disorder-
to-order conformational transition to overcome an energy barrier.
ALPS membrane insertion is not highly energetically favorable due to
the absence of electrostatic interactions and is prevented by a high
lipid packing in the membrane. Drin and Antonny have compared the
curvature sensitivity between native ArfGAP1 and a mutant form of
similar charged residue distribution as class A2 amphipathicα-helix re-
peat motifs of exchangeable apolipoproteins [32]. They presented evi-
dence of sensitivity to curvature for ArfGAP1 in the presence of an
anionic lipid (PS) where hydrophobic effects were dominant for the na-
tive protein. They also showed that thatwas not the case of the ArfGAP1
mutant where electrostatic and hydrophobic effects were more bal-
anced. Interestingly, native and mutant ArfGAP1 exhibited sensitivity
to curvature in the presence of zwitterionic lipids where electrostatic
interactions with lipid head-group are weak or absent. These results
showed that the different distributions of amino acid residues of class
A1 and class A2 amphipathic α-helices were not responsible for the
Fig. 8.Model of preferential binding of apoA-I in highly curved protrusions. ApoA-I in-
serts preferentially in the external vesiculated protrusions induced by phospholipid
translocation due to the low lipid packing of these protrusions. The subsequent lipid
solubilization would lead to the formation of apoA-I-containing nascent discoidal
HDL particles. By contrast, apoA-II would insert randomly in the external leaﬂet and
therefore show a lower probability to form nascent discoidal HDL.
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the increase of lipid packing sensitivity with the number of α-helix re-
peats and a “Velcro” model in which the insertion of a protein into the
membrane requires a disorder-to-order conformational change of
ALPS motifs has been suggested by others [33]. The insertion becomes
more unfavorable and the binding probability decreases when the
number of ALPS motifs in the protein structure increases.
Here, we show that apolipoprotein sensitivity to zwitterionic
lipid packing exhibit features that resemble ALPS lipid sensitivity
in relation to membrane curvature. Indeed, in our experiments the
modulation of the surface of a Langmuir trough reproduces the
change of lipid packing of the polar headgroup encountered when
membrane curvature changes. Furthermore, a sensitivity of ex-
changeable apolipoprotein insertion relative to vesicle curvature
has been suggested in early interfacial studies of apoA-I and more
recently, apolipophorin III [34,35]. We therefore suggest that the
mechanistic Velcro model initially proposed to describe ALPS sensi-
tivity to lipid packing is also valid for exchangeable apolipoproteins
apoA-I and apoA-II and possibly other lipid binding proteins such as
CETP (cholesterol ester binding protein) [8].
The difference in lipid packing sensitivity between proteins of
the same family sharing high structure similarity shed some light
into the distinctive biological functions of apoA-I and apoA-II. We
provide evidence that the preferential insertion of apoA-I near pro-
trusions following ABCA1 activation [9,11] is due to the low lipid
packing of the protrusions. The subsequent lipid solubilization
would lead to the formation of apoA-I-containing nascent discoidal
HDL particles. By contrast, apoA-II would insert randomly in the
external leaﬂet and therefore show a lower probability to form na-
scent discoidal HDL, thus explaining the well established low pro-
portion of apoA-II in discoidal HDL particles [12,13]. The graphic
model presented in Fig. 8 shows the molecular difference in the
mechanism of interaction of these proteins with lipid layers.
This idea is strongly supported by a recent study of apoA-I mi-
metic peptides [17] where cholesterol efﬂux from cells in the pres-
ence of two peptides, 4F and mFc-2X4F (a peptide generated byfusing two 4F peptides with the Fc fragment of mouse IgG) was
compared. The authors of that study went further and showed
that although the maximum efﬁciency of cholesterol efﬂux is the
same for both peptides, the concentration of peptides required to
reach 50% of the maximum efﬁciency (EC50) is clearly different. In-
deed the EC50 value of the longer peptide is three times lower than
the EC50 value of the other one. This result reinforces the hypo-
thesis of a higher HDL formation rate caused by the gathering of
apoA-I into protrusions and that such gathering is caused by the
larger number of helical repeats in the apoA-I structure when com-
pared to apoA-II.
Taken together, our studies allow us to attribute the higher lipid
packing sensitivity of apoA-I relative to zwitterionic lipids to a higher
number of amphipathic α-helix repeats compared to apoA-II. Fur-
thermore, considering that anionic lipids are scarce in the external
leaﬂet of the plasma membrane, we postulate that lipid packing
sensitivity plays a major role in the interaction of apolipoproteins
with the biological membrane.
5. Conclusions
The sensitivity to lipid packing opens the possibility to modulate
the interaction of a protein with a lipidic membrane by interfering
with the number of amphipathic α-helix tandem repeat motifs and/or
the extent of hydrophobic versus polar interactions [32,33,36]. We have
shown that apoA-I and apoA-II, two prominent members of the family
of exchangeable apolipoproteins that share an important secondary
structure feature do not have the same sensitivity to lipid packing. The
higher number of class A amphipathic α-helix tandem repeat motifs in
apoA-I should account for its relative sensitivity to lipid packing in condi-
tions where electrostatic interactions are negligible (for example, in the
presence of zwitterionic lipids) and does not show such sensitivity in
the presence of anionic lipids. Furthermore, the comparatively smaller
exchangeable apolipoprotein apoA-II is not sensitive to lipid packing
even in the presence of a zwitterionic lipid. As HDL particles are produced
from highly curved domains of the cell membrane, we postulate that a
different lipid packing afﬁnity has evolved as a selection mechanism for
HDL production by apoA-I over apoA-II.
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